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TABLE I. Nucleotide distances of a Kimura 2-parameter model between
pairs of species.*





















































* Species name abbreviations: CO, Campula oblonga; ZA, Zalophotrema atlan-
ticum; HT, Hadwenius tursionis; OF, Orthosplanchnus fraterculus; OR, Osch-
marinella rochebruni; NG, Nasitrema globicephalae; L, Lecithodesmus sp.; FH,
Fasciola hepatica; DD, Dicrocoelium dendriticum.
ABSTRACT: Species of Lecithodesmus (Campulidae) occur almost ex-
clusively in baleen whales throughout a wide geographical distribution.
Other campulids occur only in odontocetes and, secondarily, in pinni-
peds and the sea otter. Therefore, the ancestor of Lecithodesmus might
have either cospeciated with mysticetes during the early divergence of
mysticete and odontocete cetaceans or originated later via host switch-
ing. We evaluate both possibilities based on a phylogenetic analysis.
The ND3 mitochondrial gene sequence of a species of Lecithodesmus
was included in a previous partial molecular phylogeny of the Cam-
pulidae. Fasciola hepatica and Dicrocoelium dendriticum were used as
outgroups. Maximum parsimony, neighbor-joining, and maximum like-
lihood methods indicated a nonbasal position of Lecithodesmus sp. in
the tree, suggesting that the ancestor of Lecithodesmus colonized mys-
ticetes from campulids of odontocetes. This result emphasizes the im-
portance of host-switching processes in the development of the helminth
fauna of marine vertebrates, as previously suggested.
Members of the Campulidae (Digenea) occur extensively in
cetaceans and, secondarily, in pinnipeds and the sea otter (Fer-
na´ndez, Aznar et al., 1998). Of the 8 genera included within
this family, only species of Lecithodesmus infect mysticete ce-
taceans; in fact, they seem to have a remarkable specificity to
baleen whales (Ferna´ndez, 1996; Ferna´ndez, Aznar et al.,
1998). Species of this genus have been found, throughout a vast
geographical region, in 8 of the 9 mysticete species analyzed
thus far for helminth parasites (Ferna´ndez, 1996). Only 5 spec-
imens of Lecithodesmus nipponicus have been collected in
odontocete cetaceans (Yamaguti, 1942). As the Mysticeti split
early in the phylogeny of the Cetacea (see the most recent phy-
logenetic hypothesis by Milinkovitch [1997]), the question aris-
es over whether the ancestor of Lecithodesmus might have cos-
peciated with mysticetes. Otherwise, Lecithodesmus should
have originated later via host switching from campulids of
odontocetes. In the present paper, we obtained the sequence of
a mitochondrial gene, the ND3 (subunit 3 of the nicotinamide
adenine dinucleotide dehydrogenase) of an unidentified species
of Lecithodesmus, and a phylogeny was inferred also using the
sequences of other campulids (Ferna´ndez, Aznar et al., 1998)
in order to test these 2 alternative hypotheses.
Worms were obtained from a minke whale, Balaenoptera
acutorostrata, in the Norwegian Sea and preserved in 70% eth-
anol. The DNA extraction and amplification procedures are de-
scribed in Ferna´ndez, Aznar et al. (1998). However, a new for-
ward primer was designed for PCR amplification from our cat-
alogued ND3 campulid sequences (accession numbers
AF034551, AF034552, and AF034554–57): 59-GCTTA-
ATTKKTAAAGCYTTGRATTCTTACT-39. Reverse primer se-
quence is 59-CTACTAGTCCCACTCAAC(G/A)TAACC(T/
C)T-39 (primer 4 in Ferna´ndez, Aznar et al. [1998]). Amplifi-
cation reactions contained 5 ml of DNA, 200 mM of dNTPs,
0.4 mM of each primer, and 2.5 units of Taq DNA polymerase
(Amersham, Pharmacia, Buckinghamshire, U.K.), in a final vol-
ume of 50 ml. DNA was denatured for 5 min at 95 C. A total
of 35 cycles were performed with the GeneAmp 2400 System,
each cycle consisting of 3 steps: 95 C for 30 sec, 50 C for 30
sec, and 72 C for 50 sec. A final step was carried out at 72 C
for 7 min. The PCR product was cloned into pGEM-T Easy
vector (Promega). Sequencing was performed on both strands
of 2 clones with the AmpliTaqF Dye Deoxy Terminator Cycle
Sequencing kit (Perkin-Elmer, Foster City) and the 373 auto-
mated DNA sequencer, using T3 and SP6 universal primers.
Sequences of campulid species plus 2 outgroups, Dicrocoe-
lium dendriticum and Fasciola hepatica, were aligned with
CLUSTAL V program (Higgins et al., 1992) and analyzed with
maximum parsimony (MP) with exhaustive search using PAUP
(Swofford, 1993), neighbor-joining (NJ) using MEGA version
1.01 (Kumar et al., 1993) and maximum likelihood (ML) using
PAML version 2.0 (Yang, 1999). The ML tree was obtained
under the HKY model of nucleotide substitution and rate var-
iation among sites using an approximate gamma distribution
(Hasegawa et al., 1985). For the ML method, tests of alternative
topologies were carried out using the RELL technique (resam-
pling estimated log likelihood) (Kishino and Hasegawa, 1989;
Kishino et al., 1990) Genetic distances were estimated accord-
ing to Kimura’s 2-parameter model (Kimura, 1980) (Table I).
In addition, sequences were translated into amino acids using
the F. hepatica mitochondrial DNA genetic code. Dayhoff
PAM distances (Dayhoff et al., 1978) were then calculated and
subjected to NJ analysis using Phylip version 3.5. In MP and
NJ, we employed, alternatively, transversions only (ingroup 1
outgroups) that accumulate at slower rates than transitions and
transversions 1 transitions within the ingroup species because
transitions were not saturated within the ingroup (see Ferna´n-
dez, Aznar et al. [1998] for details). The statistical confidence
of a particular cluster of sequences was evaluated by the boot-
strap procedure (1,000 replicates). Bootstrap values higher than
70% were considered significant (Hillis and Bull, 1993).
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FIGURE 1. Phylogenetic tree of the Campulidae inferred from transversions in the ND3 gene using neighbor-joining distances (NJ) and
maximum parsimony (MP) (tree length, 176; CI, 0.82). Dicrocoelium dendriticum and Fasciola hepatica were used as outgroups. Bootstrap values
are shown at internodes. Left to right: NJ, MP. A single number indicates that both methods rendered the same value.
FIGURE 3. Phylogenetic tree of the Campulidae inferred from ND3
sequences using the maximum likelihood method.
FIGURE 2. Phylogenetic tree of the Campulidae inferred from tran-
sitions and transversions and amino acid sequences within the ingroup
taxa of the ND3 gene. Neighbor-joining distances method was used.
Bootstrap values are shown at internodes. Left to right: transitions and
transversions, amino acids sequences. A single number indicates that
both methods rendered the same value. The tree has been rooted ac-
cording to the topology in Figure 1 that included the outgroup taxa.
Alignment of the ND3 sequences was 363 bases long, in-
cluding gaps (variable positions 5 215, informative sites 5 98,
alignment not shown). All the sequences displayed phyloge-
netic signal. The initiation codon for Lecithodesmus sp. was
GTG, as in other campulid species. Regardless of the method
applied, Lecithodesmus sp. appeared in a nonbasal position
within the cladogram of the Campulidae. Hadwenius tursionis
occupied the basal position in most reconstructions. In fact, the
nucleotide distances between H. tursionis and the rest of cam-
pulids was always higher than those between Lecithodesmus
and the rest of campulids (Table I). Both NJ and MP methods
with transversions (ingroup 1 outgroups) revealed the same tree
topology, i.e., Lecithodesmus sp. and Zalophotrema atlanticum
formed a clade, although supported by a low bootstrap value
(Fig. 1). Using transitions 1 transversions (ingroup), the boot-
strap 50% majority-rule consensus parsimony tree produced a
polytomy (tree not shown), whereas the NJ rendered a tree to-
pology slightly different from that in Figure 1. Again, the clade
Lecithodesmus sp.–Z. atlanticum had a low bootstrap value
(Fig. 2). However, a significant bootstrap value was obtained
for this clade with the amino acid sequence analysis (Fig. 2).
The ML tree was obtained using F. hepatica as the only out-
group in order to avoid the distortion produced by the great
nucleotide distances between the second outgroup, D. dendri-
ticum, and the rest of species (Table I; see Ferna´ndez, Aznar et
al. [1998] for details). The ML tree (log likelihood 5
21,444.26) was consistent with those obtained using MP and
distance methods (Fig. 3). The same analysis forcing Lecitho-
desmus sp. as the basal taxon resulted in a log likelihood of
21,452.51. The RELL method assigned a 95.12% bootstrap
support for the ML tree and 4.38% to the alternative topology,
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thus allowing us to reject the hypothesis of basality for Leci-
thodesmus sp. in the Campulidae tree.
As to the relationships among the rest of campulids, none of
the above results essentially modify the cladograms obtained in
a previous study by Ferna´ndez, Aznar et al. (1998).
Overall, our analyses support the hypothesis that species of
Lecithodesmus originated from campulids of odontocetes, con-
firming the importance of colonization in the origin and diver-
sification of these digeneans: the Campulidae putatively origi-
nated from digeneans infecting fish, and pinnipeds apparently
acquired campulids from toothed whales via 2 independent
host-switching events (Ferna´ndez, Aznar et al., 1998; Ferna´n-
dez, Littlewood et al., 1998). Colonization has also been im-
plicated in the origin of parasitic taxa in many other marine
vertebrates, e.g., Alcataenia (Cestoda) in Holarctic marine birds
(Hoberg, 1986), tetrabothriids (Cestoda) in marine homeo-
therms (Hoberg et al., 1997), Anophryocephalus (Cestoda) in
arctic pinnipeds (Hoberg, 1995), and pronocephalids in fresh-
water turtles, fish, and the marine iguana (Pe´rez Ponce de Leo´n
and Brooks, 1995a, 1995b).
The likelihood of a successful colonization depends on the
probability of encounter and the physiological and immunolog-
ical compatibility between the parasite and the potential new
host. Campulids are food-transmitted parasites and, therefore,
the odontocete-to-mysticete host switching had to require pre-
dictable long-term trophic associations between these hosts (see
Hoberg, 1987). Whereas toothed whales feed mainly on fish,
squid, or both, the diet of baleen whales varies depending on
the species; some are entirely planctivorous, whereas others
prey mostly upon fish. Unfortunately, we do not know how
contacts might have proceeded because no life cycle of any
campulid has been demonstrated. Attributes of miracidia are
indicative of an indirect cycle, involving 1 or more intermediate
hosts (Dailey, 1985). The widespread occurrence of campulids
in hosts that feed exclusively on fish or squid suggests that these
prey may act as second intermediate or paratenic hosts. In any
case, frequent contacts would have led campulids to break the
compatibility filter eventually, becoming adapted to baleen
whales.
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